Oogenesis and primordial follicle formation are tightly linked processes, requiring organized and precisely timed communication between somatic and germ cells. Deviations in ovarian cell cross talk, or aberrant gene expression within one of the cell populations, can lead to follicle loss or dysfunction, resulting in infertility. Expression of GATA-like protein-1 (GLP-1) in ovarian somatic cells is required for normal fertility in female mice, as GLP-1 deficiency leads to the absence of oocytes at birth. However, the timing and nature of this germ cell loss is not well understood. In this study, we characterize the embryonic germ cell loss in GLP-1 null mice. Quantitative PCR demonstrates that ovarian Glp-1 mRNA is expressed in a bimodal pattern during embryogenesis, peaking at E13.5-14.5 and again at birth. In contrast, adult ovaries express low but detectable levels of Glp-1 mRNA. Analysis of developing GLP-1 null mouse ovaries shows that germ cells are appropriately specified and migrate normally to nascent gonads. Upon arrival at the gonad, precocious loss of germ cells begins at around E13.5. This loss is completed by birth and is accompanied by defects in the expression of genes associated with meiotic entry. Interestingly, somatic pregranulosa cells still form basement membranes surrounding germ line cysts and express mRNA encoding paracrine signaling molecules that communicate with oocytes, albeit at lower levels than normal. Together, these data imply that the somatic cell protein GLP-1 is not necessary for many pregranulosa cell functions but is required for germ cell survival.
Introduction
Establishment of the primordial follicular pool requires the coordinated interactions of several cell types, including both somatic and germ cells. Three major processes in the mouse are known to be involved in oogenesis. First, specified primordial germ cells migrate to the nascent gonad while undergoing mitosis with incomplete cytokinesis through embryonic day (E) 10.5 (Buehr et al. 1993 , Pepling & Spradling 1998 , Lawson et al. 1999 , Ying & Zhao 2001 , Agoulnik et al. 2002 , Tsuda et al. 2003 , Mahakali Zama et al. 2005 , Youngren et al. 2005 , Farini et al. 2007 . Second, after arriving in the gonad, meiotic entry occurs at E13.5, followed by arrest at the diplotene phase of prophase I beginning at approximately E17.5. Meiotic entry is in part due to retinoic acid exposure (Menke et al. 2003 , Baltus et al. 2006 , Bowles et al. 2006 , Koubova et al. 2006 , Anderson et al. 2008 , Lin et al. 2008 , occurring in a wave that starts at the anterior region and moves toward the posterior end (Menke et al. 2003 , Bullejos & Koopman 2004 . Third, as germ cells settle in the gonad, they are surrounded by pregranulosa cells that are responsible for primordial follicle formation just after birth (Pepling & Spradling 2001 , Uda et al. 2004 . At this time, germ line cyst breakdown occurs, along with regulated apoptosis of some germ cells, leading to the formation of fully individualized and physically separate primordial follicles (Ratts et al. 1995 , Pepling & Spradling 2001 . Most primordial follicles then remain quiescent for prolonged intervals, arrested in prophase I (Jamnongjit & Hammes 2005 : Mehlmann, 2005 .
The aforementioned processes require cross talk between somatic and germ cells within the ovary (Matzuk et al. 2002 , Molyneaux et al. 2003 , Mahakali Zama et al. 2005 , Chen et al. 2007 , Hsieh et al. 2009 ). As such, perturbations in normal function of either the germ cells or the surrounding somatic cells can have profound effects on normal ovarian development. One such example is GATA-like protein-1 (GLP-1). GLP-1 is a relative of the GATA transcription factor family in that it contains two zinc fingers in the C-terminus of the protein. However, GLP-1 does not appear to bind the GATA DNA sequences due to differences in sequence at and near the second zinc finger (Li et al. 2007 ). As such, the gene encoding GLP-1 is also termed Zglp-1, for 'zinc finger, GATA-like protein-1', although for simplicity we will refer to it as Glp-1 in this manuscript. In adult animals, GLP-1 is expressed primarily in the granulosa cells of the ovary and the Leydig cells of the testes. Interestingly, knockout of the Glp-1 gene leads to sterility in both male and female mice, with a complete lack of oocytes detected in the ovaries of females by birth (Li et al. 2007) .
To investigate when and how GLP-1 regulates oocyte survival, we performed detailed studies on ovarian embryonic development in the GLP-1 null mice. We found that Glp-1 mRNA was expressed in a bimodal pattern during embryogenesis, with peaks at E13.5 and at birth. Germ cells proliferated and colonized the ovary normally; however, at around E13.5 (when GLP-1 expression first peaked), oocytes began to disappear at an abnormally rapid rate and were completely lost by birth. This germ cell loss was accompanied by a decrease in expression of markers of meiotic entry. In contrast, depletion of GLP-1 had no obvious effect on pregranulosa cell numbers or on their ability to secrete laminin, though the expression of a select array of pregranulosa cell mRNAs was slightly lower in GLP-1 null mice. Together, these data suggest that, through a still unknown alteration in somatic-germ cell cross talk, GLP-1 expression in granulosa cells regulates germ cell survival during ovarian embryogenesis.
Results

Glp-1 mRNA is expressed in somatic cells of the ovary
To begin characterization of GLP-1 actions in the developing ovary, we first examined GLP-1 expression in adult mouse tissues. Previous in situ hybridization and LacZ staining experiments in adult tissues suggested that GLP-1 was expressed primarily in Leydig cells of the testes and granulosa cells of the ovary (Li et al. 2007 ). However, staining in these studies was not quantitative. We therefore performed quantitative RT-PCR on several mouse tissues to more carefully quantify Glp-1 mRNA expression. As expected (Li et al. 2007) , Glp-1 mRNA was expressed at highest levels in adult testes, with low expression in the lung, brain, liver, and heart (Fig. 1A) . Surprisingly, however, Glp-1 mRNA expression was lower than expected in the adult ovary relative to the testes (Fig. 1A) . These results were confirmed by northern blot analysis (Fig. 1E) , with the additional observation that Glp-1 mRNA expression in the ovary was significantly higher in 4-day-old relative to adult female mice.
Validation of the quantitative RT-PCR assay as well as proof that the adult ovaries of the GLP-1 null mice indeed had minimal expression of Glp-1 mRNA (something not shown previously) was demonstrated by the progressive decrease in Glp-1 mRNA in wild type versus GLP-1 heterozygotes (about 60% of wild type) versus GLP-1 null mice (!10% of wild type; Fig. 1B ). Note that very small amounts of Glp-1 mRNA were still detected in the GLP-1 null ovaries, most likely demonstrating the low-level background of our assay.
To confirm that Glp-1 mRNA was expressed in ovarian somatic cells, Glp-1 mRNA expression was analyzed in the Kit W /Kit W-v adult ovaries. In Kit W /Kit W-v mice, germ cells migrate poorly to the genital ridge and have profound proliferative defects during embryogenesis (Murphy 1972 , Mahakali Zama et al. 2005 , leading to the absence of germ cells in the postnatal gonad. Therefore, any Glp-1 mRNA detected in the gonads of these mice must be derived from somatic rather than germ cells. Glp-1 mRNA expression was robust (even higher than in wild type) in the adult Kit W /Kit W-v ovary (Fig. 1C) . This increased expression of Glp-1 mRNA was not simply due to an increase in pregranulosa cell number in the Kit W /Kit W-v ovary, as Foxl2 mRNA, a granulosa-cell-specific marker, levels were identical between wild-type and Kit W /Kit W-v mice (Fig. 1D) . Notably, Kit W /Kit W-v adult testes also expressed Glp-1 mRNA by northern blot (Fig. 1E) . Together, these data demonstrate that GLP-1 is a somatic cell factor expressed at low levels in the adult ovary but higher levels in the newborn (PD4) mouse ovary.
Glp-1 mRNA expression peaks in early ovarian development and again at birth Since ovarian Glp-1 mRNA expression was higher close to birth, and because previous work demonstrated embryonic loss of germ cells in GLP-1 null female mice, we quantified ovarian Glp-1 mRNA levels in wildtype mice throughout oogenesis to confirm whether GLP-1 was indeed present and therefore able to contribute to germ cell survival during embryogenesis. Glp-1 mRNA expression was detected as early as E13.5 and was maintained at the same level through E15.5. Its expression then dropped between E16.5 and E17.5, followed by another increase in expression at E18.5 through birth (consistent with the higher expression by northern on day 4 of life, Fig. 1B ). By day 14 of life, Glp-1 mRNA expression reached a second nadir in the postnatal ovary ( Fig. 2A) . Interestingly, the bimodal Glp-1 mRNA expression data were confirmed by specific analysis of GLP-1 expression in microarray data from embryonic gonads uploaded to the GEO repository (Small et al. 2005) , confirming the significance of our results.
Finally, in situ hybridization experiments using riboprobes against Glp-1 mRNA in wild-type ovaries at E14.5, when Glp-1 expression is high, confirmed Glp-1 mRNA expression in the ovaries and testes. Glp-1 mRNA appeared to be expressed within the cords of the testis (black arrow) while ovarian expression appeared to be highest at the lateral edge (Fig. 2B ). The meaning of this lateralized expression pattern is uncertain at this time.
Germ cell loss in GLP-1 null embryonic ovaries occurs after migration and before birth
To examine the commencement and progression of germ cell loss in GLP-1 null mice, germ cell counts were performed on H&E sections by calculating the percentage of germ cells in GLP-1 null ovaries relative to their wild-type siblings during oogenesis. At E13.5, GLP-1 null ovaries contained nearly equal numbers of germs cell compared to their sibling controls, suggesting that germ cell migration and proliferation occurred appropriately in the GLP-1 null mice. One day later, at E14.5, germ cell numbers were already reduced by nearly 40% relative to wild-type littermates. This loss continued throughout embryogenesis until birth, at which point the GLP-1 null ovary was devoid of germ cells (Fig. 3A) . Notably, staining for mouse VASA homolog (Mvh), a germ cell marker, was also similar between wild-type and GLP-1 null mice at E14.5 (Fig. 3B , lower) and disappeared in the GLP-1 null mice concordantly with the germ cell counts (Fig. 3A) . In addition, expression of Mvh mRNA was present, though already slightly lower, Glp-1 mRNA levels in ovaries from E13.5 through adulthood. Glp-1 mRNA is highly expressed from E13.5 through E15.5 and again at PD1 before decreasing in adulthood. The y-axis shows fold change of gene expression normalized to Gapdh mRNA levels and relative to E13.5 ovaries. For each embryonic time point, the bars represent the mean of reactions carried out in duplicate for each of two different mice. Error bars represent the S.E.M. (B) In situ hybridization assay using a full-length Glp-1 probe on XX and XY gonads at E14.5. Glp-1 appears to be expressed within the cords of the testes (black arrow) and throughout the ovary in a gradient manner with the highest expression in the lateral edge (white arrowhead) of the ovary at E14.5. White line represents 500 mM.
GLP-1 regulates germ cell development in E13.5 GLP-1 null ovaries (Fig. 4A) . Thus, germ cell loss in GLP-1 null ovaries begins just when Glp-1 mRNA expression would normally be peaking, suggesting that E13.5-E15.5 is a critical developmental window when GLP-1 function is required.
Germ cell loss in GLP-1 null embryos occurs without defects in somatic pregranulosa cell specification Since GLP-1 is expressed in somatic cells within the ovary, we examined embryonic pregranulosa cell numbers and functions in GLP-1 null mice. Interestingly, despite the rapid loss of germ cells from E14.5 to birth, pregranulosa cell formation was unaffected. FOXL2 protein, the earliest known pregranulosa cell marker (Schmidt et al. 2004) , was similarly expressed from E14.5 through birth in GLP-1 null versus control ovaries (Fig. 3B, upper) . Foxl2 mRNA expression at E13.5 appears slightly higher in GLP-1 null versus wild-type mice, potentially suggesting that granulosa cell numbers and/or gene expression were higher in the null mice. However, this difference in Foxl2 mRNA expression was not statistically significant (Fig. 4A) . Furthermore, visualization of stained sections at E14.5 did not reveal significant differences in FOXL2 protein expression or granulosa cell distribution and numbers (Fig. 3B) . Together, these expression studies demonstrate that pregranulosa cell numbers, size, and shape were relatively normal in the ovaries of GLP-1 null mice. In addition, while pregranulosa cells from Foxl2-deficient mice were unable to differentiate and secrete factors such as laminin (Schmidt et al. 2004 , Uda et al. 2004 here we found that laminin production was unaffected in GLP-1 null ovaries (Fig. 4C) , confirming that the overall organization of cysts and their encasement in a basement membrane was not significantly altered.
To investigate other markers of pregranulosa cell function, we examined the expression of mRNAs encoding proteins known to be important for follicular development and pregranulosa cell-oocyte cross talk during embryogenesis. These markers were indentified from a screen examining sexually dimorphic gene expression of the somatic, SF-1 positive, cells at E13.5 (Nef et al. 2005) . These include Kit ligand (Kitlg), glialcell-line-derived neurotrophic factor (Gdnf), epiregulin (Ereg), and bone morphogenetic protein 2 (Bmp2). Interestingly, as opposed to Foxl2 (Fig. 4A ) all these mRNAs were expressed in lower levels in the GLP-1 null mouse ovaries relative to wild-type littermates at E13.5, though these differences were not quite statistically significant (Fig. 4B) .
Together, these pregranulosa cell data indicate that markers of pregranulosa cell expression and function, including basement membrane deposition, are relatively normal in the absence of GLP-1 expression, despite the rapid loss of germ cells. However, markers of pregranulosa-germ cell cross talk may be slightly, but not statistically significant, reduced at E13.5.
Expression of meiotic entry markers is reduced in GLP-1 null mice
As described above, five major processes are known to be involved in embryonic oogenesis, including germ cell migration, mitosis (both through E10.5), cyst formation (E11), meiotic entry (E13.5), and meiotic arrest (E17.5). Our data suggest that germ cell migration and mitosis occur appropriately (Fig. 3A and B, lower) and that the pregranulosa cells can assist in proper development of germ line cysts (Figs 3B and 4C) . We therefore next investigated the expression of germ cell meiotic entry genes.
We first examined the mRNA levels of several known germ-cell-specific meiotic entry markers at E13.5 that mediate meiotic entry in response to retinoic acid (Baltus et al. 2006 , Bowles et al. 2006 , DAZL, an RNA-binding protein required for germ cell maintenance (Lin et al. 2008 , Haston et al. 2009 , and DMC1 and SPO11, proteins that mediate DNA recombination (Cohen & Pollard 2001 , Hunt & Hassold 2002 . Quantitative PCR demonstrated significant decreases in Stra8, Rec8, and Dmc1 mRNA expression, and a trend toward reduction in Sycp3 mRNA levels. Both Dazl and Spo11 expression levels remained unchanged (Fig. 5A) . Combined, these expression patterns suggest that meiotic entry might be altered during embyrogenesis in the absence of GLP-1, although it is also possible that the decreased expression of oocyte-specific meiotic entry markers simply reflects the start of germ cell loss at E13.5.
Next, E14.5 ovaries were analyzed morphologically by light and transmission electron microscopy. This process allowed us detailed morphological analysis of the architecture of the ovary and of the germ cell nuclei. Morphologically, the germ cells of the GLP-1 null cyst were irregularly shaped (Fig. 5B, right) compared with the consistently similar sized, rounded germ cells seen in the wild-type siblings (Fig. 5B, left) as indicated by the black arrowheads that point to the enclosed germ line cysts. Furthermore, we found an increase in apoptotic germ cells (red arrowheads) in the GLP-1 null compared to the wild-type ovaries at E14.5 (Fig. 5B) . However, no consistent changes in chromatin condensation were observed by electron microscopy (Fig. 5C ), suggesting that oocytes might not have altered meiotic entry but may simply be going through premature apoptosis.
Discussion
One of the most intriguing aspects of mammalian oogenesis and follicular development is the need for cross talk between germ cells and surrounding follicular cells for normal oogenesis and follicle development. To date, nearly all factors shown to be required for oocyte survival and development during ovarian embryogenesis are expressed in germ cells. For example, loss of the helix-loop-helix transcription factor FIGLA (FIGa), a critical regulator of zona-pellucida proteins expressed in oocytes beginning at E13.5, results in a reduction in oocytes at approximately E19.5 (birth), with complete disappearance by day 2 after birth (Soyal et al. 2000) . Loss of DAZL, an oocyte factor necessary for normal meiotic progression, results in normal appearing ovaries at day E15, but complete disappearance of oocytes by E18 (Saunders et al. 2003) . Finally, mutations in the germ cell deficient (GCD) locus lead to a late embryonic loss of oocytes (Pellas et al. 1991) .
In contrast to germ cell factors, examples of somatic factors (e.g. from granulosa cells) regulating germ cell survival during ovarian embryogenesis are rare. One of the few examples is Steel (St)-KITLG, which is expressed in somatic cells along the migratory pathway of germ cells, as well as in granulosa cells of adult mice. Its deficiency or certain hypomorphic mutations result in absent germ cells; however, this loss appears to be due to defects in germ cell migration rather than altered embryonic oogenesis within the ovary (Elvin & Matzuk 1998) . Interestingly, other hypomorphic mutations of the Kitlg allele show only a modest reduction in germ cell migration with minimal effect on primordial follicle formation; however, they result in significant arrest in postnatal follicular development beyond the primordial phase (Huang et al. 1993 , Elvin & Matzuk 1998 . 
GLP-1 regulates germ cell development
In this study, we present GLP-1 as one of the only known somatic cell factors to regulate and maintain oogenesis during late ovarian embryogenesis. We found that germ cell migration was unaffected in the absence of GLP-1, with relatively normal germ cell counts at E13.5. However, germ cell loss was rapid thereafter, with significant loss by E14.5 and nearly complete loss by E18.5 (Fig. 3) . In fact, we saw a decrease in germ-cellspecific mRNAs as early as E13.5 (Figs 4 and 5) , suggesting that defects in germ cells may even begin by E13.5. Interestingly, using quantitative real-time PCR, in situ hybridization, and northern blot analysis, we found that Glp-1 mRNA expression in normal ovaries peaked at E13.5-E15.5, just when germ cell loss was most dramatic. Glp-1 mRNA expression then peaked again at the time of birth (by which time germ cells have already disappeared in the mutant), and dropped to very low levels in adult mice. These observations confirm that GLP-1 has an essential role with regard to germ cell survival, and folliculogenesis likely occur early in ovarian embryonic development. However, the second peak of GLP-1 expression around the time of birth raises the possibility that GLP-1 serves additional functions in the later stages of follicular maturation, including in adults. Genetic confirmation of such functions could be performed in the future through conditional genetic analysis employing a floxed allele. Notably, 30% of adult GLP-1 mice develop so-called tubular adenomas (Li et al. 2007 ; TJ Strauss & SR Hammes, unpublished data). However, tubular adenomas have been described in other mutants that result in early oocyte death following the initial formation of primordial follicles (Murphy 1972 , Ishimura et al. 1986 , Vanderhyden et al. 2003 . Therefore, tubular adenoma formation in GLP-1 null mice is likely indirect and secondary to the loss of GLP-1 function during embryogenesis, which leads to complete oocyte loss, rather than its actions in adulthood or in the later stages of follicle maturation.
How does the loss of GLP-1 affect follicle formation and germ cell loss? Germ cell migration and even early cyst formation appear to be intact. However, significant germ cell loss began between E13.5 and E14.5 when meiotic entry normally begins in oogonia, suggesting that meiosis might be abnormally regulated in GLP-1 null mice. Accordingly, we saw decreased expression of mRNA expressing meiotic entry markers in germ cells from E13.5 GLP-1 null mice, including Stra8, Rec8, and Dmc1 (statistically significant), as well as Sycp3 (strongly trending; Fig. 5A ), although is should be noted that the germ cell number is already lower in null ovaries compared to wild-type ovaries at this time as judged by Mvh expression (Fig. 4B) . Notably, while cyst morphology seemed grossly abnormal under light microscopy ( Fig. 5B) , transmission electron microscopy of E13.5 GLP-1 ovaries did not consistently demonstrate alteration in chromatin structure (Fig. 5C) . Therefore, until more detailed studies can be performed, we cannot be certain whether a defect in meiotic re-entry causes germ cell loss or whether germ cell loss is simply being reflected by a loss in expression of all oocyte-specific genes, including those involved in meiotic entry. In addition to retinoic acid, granulosa cells secrete other paracrine signaling molecules that regulate oogenesis and follicular growth, including EREG, TGFB, BMP2, KITLG, and GDNF (Matzuk et al. 2002) . Interestingly, mRNA expression of all of these factors was slightly lower in E13.5 GLP-1 null relative to wild-type ovaries, though these differences were not statistically significant. Therefore, further detailed analysis might reveal subtle defects in somatic-germ cell cross talk in addition to the aforementioned change in retinoic acidmediated meiotic entry. Notably, by all other measurements during this study, pregranulosa cell formation and function appeared to be normal, as Foxl2 mRNA and protein expression, laminin deposition, and pregranulosa cell appearance were unaffected in GLP-1 null embryonic ovaries relative to wild-type embryonic ovaries (Figs 3 and 4) . Thus, further analysis of pregranulosa cell function will be needed to elucidate GLP-1's exact function during embryogenesis. Given GLP-1's homology to GATA transcription factors, GLP-1's ability to suppress GATA4 and GATA6 transcription, and the known presence of GATA4 and GATA6 in the developing ovary, future studies will focus on GATAregulated signaling in the pregranulosa cell.
Materials and Methods
Mice
The Glp-1
LacZ mouse line was generously provided by Edward Morrissey, Department of Cell and Developmental Biology, University of Pennsylvania, Philadelphia, PA, USA. The WBB6F1/J-Kit W /Kit W-v mouse line was obtained from Jackson Laboratories (Bar Harbor, ME, USA). The Glp-1
LacZ mouse line was maintained by heterozygous crosses and genotyped by PCR as previously described (Li et al. 2007) . Experimental protocols involving mice were approved by the University of Texas Southwestern Medical Center Animal Care and Use Committee.
Gonad collection and phenotypic sex determination
Timed matings were established by housing female mice with male mice overnight. The presence of a vaginal plug seen before noon of the next day was considered E0.5. Gonads were dissected in PBS (Invitrogen) and the sex was determined by the presence or absence of testicular cords. LacZ experimental animals were removed and RNA was isolated using TriPure. Gonadal RNA was then used in quantitative RT-PCR experiments as described below using probe sets for Foxl2 and Glp-1 (Table 1) . Embryonic gonads were placed into Trizol (Invitrogen) or TriPure (Roche). Temporal expression data for Glp-1 was obtained by pooling same sex wild-type C57BL/J6 littermate tissues and isolating RNA for quantitative PCR. Experiments were confirmed in two independent mothers. The gonads from embryonic Glp-1 LacZ/LacZ homozygous or Glp-1 LacZ/C heterozygous littermate animals were collected for gene expression experiments examining Glp-1, Foxl2, Mvh, Dazl, Stra8, Rec8, Sycp3, Spo11, Dmc1, Bmp2, Gdnf, Ereg, and Kitlg mRNA levels.
RNA isolation and quantitative RT-PCR
FAM-labeled Taqman probes were generated using the Custom TaqMan Assay Design Tool from ABI (Carlsbad, CA, USA) or were ordered from the ABI pre-designed TaqMan primer/probe pairs. Probe sequences are listed in Tables 1  and 2 . Equal amounts of RNA were used in each experiment. SuperScript III PlatinumOne-Step qRT-PCR kit (Invitrogen) was used to run the quantitative PCRs on a 7300 Real-time PCR Instrument System (ABI).
Statistical analysis
All experiments were analyzed using the ddCT method to obtain relative gene expression when normalized to Gapdh mRNA levels. Significance was determined using Student's t-test as described in the figure legends.
Northern blot analysis
Total RNA (20 mg) size was separated on a formaldehyde gel and then transferred to a nylon membrane in 20! SSC overnight. Hybridization was performed in Church-Gilbert hybridization buffer for 2 days with 1!10 6 c.p.m./ml, a-32 P dCTP-labeled (Amersham) cDNA probes made with the Radprime DNA labeling system (Invitrogen). Probes were generated from the full-length Glp-1 cDNA cloned in pCMV3.1. The plasmid was digested with restriction enzymes to release the insert, which was gel purified prior to probe labeling. Following hybridization, the membrane was washed twice with 0.1! SSC/0.1%SDS at 65 8C for 30 min. The membrane was then exposed to film at K80 8C for 9 days. In situ hybridization
Whole mount in situ hybridization was performed as previously described (Carroll et al. 2005) . Briefly, E14.5 gonads were harvested and fixed in 4% paraformaldehyde in PBS (Invitrogen) at 4 8C overnight. Gonads were treated with 10 mg/ml proteinase K in PBST (PBS plus 0.1% Tween-20; Invitrogen and Sigma) for 20 min at room temperature and hybridized overnight at 72 8C with an antisense digoxigenin-UTP-labeled full-length Glp-1 (DQ286956.1) probe that was linearized with EcoRI and transcribed with T3 polymerase. Embryos were then incubated overnight at 4 8C with alkaline phosphatase-coupled anti-digoxigenin antibody (Roche Applied Science). Color reaction was developed using BM Purple (Roche). Pictures were taken with an Olympus SZX7 or Leica MZ6 microscope.
Germ cell counts
Gonads from Glp-1 LacZ/LacZ homozygous or Glp-1
LacZ/C heterozygous littermates (nZ2) were fixed in 4% paraformaldehyde overnight at 4 8C. The tissue was then paraffin embedded and 5-m sections were obtained. Samples were stained with hematoxylin and eosin (H&E). All germ cells were counted within a fixed area from three adjacent sections at least 20-m apart in the ovary. The values were averaged and then the percent remaining in the GLP-1 null ovary relative to its wild-type sibling control was calculated.
Immunohistochemistry
Gonads were collected in PBS and then fixed in 4% paraformaldehyde overnight at 4 8C. The tissue was then paraffin embedded and 5-m sections were obtained. Slides were rehydrated and washed in PBST. Antigen retrieval was performed by boiling the samples in 1 mM Tris/5 mM EDTA, pH 7.5-8.0 for 5 min. Endogenous peroxidase activity was quenched by incubating the samples in 3% H 2 O 2 for 30 min. The samples were then blocked in 5% FBS/PBST for 30 min at room temperature. Primary antibodies to laminin (Sigma, L9393, 1:100) and MVH (ab13840, 1:500; Abcam, Cambridge, UK) in 2% FBS/PBST were added and incubated at 4 8C overnight. The next day, samples were washed in PBST. From here onward, the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) was used according to the manufacturer's specifications. FOXL2 (sc-68348; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) immunohistochemistry was performed as follows: slides were rehydrated and washed in water. Antigen retrieval was performed by gently boiling the samples in 1! sodium citrate, pH 6.0, for 15 min. Endogenous peroxidase activity was quenched by incubating the samples in 3% H 2 O 2 for 30 min. The samples were then blocked in 1% BSA/PBS for 30 min at room temperature and incubated with the FOXL2 primary antibody at 1:100 in 2% BSA at 4 8C overnight and then washed with TBST (50 mM Tris, pH 7.4, 100 mM NaCl, 0.1% Tween-20). A rabbit HRP polymer secondary conjugated antibody (Invitrogen/Zyed) was added to the samples for 30 min at room temperature. All samples were incubated with DAB (Vector Laboratories) until desired staining intensity appeared. Samples stained for FOXL2 and MVH were counterstained with hematoxylin and eosin. All samples were mounted in Permount Mounting Media.
Transmission electron microscopy
Gonads from Glp-1 LacZ/LacZ homozygotes or Glp1LacZ/C heterozygous littermates were harvested at E14.5 and fixed in 2% gluteraldehyde/0.1 M cacodylate overnight at 4 8C. Tissue was epon embedded. Thick sections were taken for toluidine blue staining or thin sections were taken for electron microscopy. Electron microscopy was performed at the University of Texas Southwestern Medical Center electron microscopy core using a FEI Tecnai G2 Spirit BioTWIN microscope. Images were taken using a Gatan CCD camera.
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